Journal Pre-proof J o u r n a l P r e -p r o o f ２ Highlights  We established cultured cerebellar slice model to examine effects of chronic hypoxia on myelinated white matter track.  Prolonged hypoxia resulted in prominent axonal degeneration with focal constrictions and swellings, while compact myelin and oligodendrocytes were relatively spared.  Pharmacological treatments revealed that AMPA glutamate receptor, calpain proteolysis, and lysosomal proteases were independently implicated in hypoxia-induced axonal degeneration in this model.  Our in vitro model could be utilized for screening potential therapeutic agents targeting hypoxia/ischemia-induced white matter degeneration. Journal Pre-proof J o u r n a l P r e -p r o o f ３ Abstract Ischemic white matter injuries underlie cognitive decline in the elderly and vascular dementia. Ischemia in the subcortical white matter is caused by chronic reduction of blood flow due to narrowing of small arterioles. However, it remains unclear how chronic ischemia leads to white matter pathology. We aimed to develop an in vitro model of ischemic white matter injury using organotypic slice cultures. Cultured cerebellar slices preserved fully myelinated white matter tracts that were amenable to chronic hypoxic insult. Prolonged hypoxia caused progressive morphological evidence of axonal degeneration with focal constrictions and swellings. In contrast, myelin sheaths and oligodendrocytes exhibited remarkable resilience to hypoxia. The cytoskeletal degradation of axons was accompanied by mitochondrial shortening and lysosomal activation. Multiple pharmacological manipulations revealed that the AMPA glutamate receptor, calpain proteolysis, and lysosomal proteases were independently implicated in hypoxia-induced axonal degeneration in our model. Thus, our in vitro model would be a novel experimental system to explore molecular mechanisms of ischemic white matter injury. Furthermore, we verified that the in vitro assay could be successfully utilized to screen for molecules that can ameliorate hypoxia/ischemia-induced axonal degeneration. Journal Pre-proof J o u r n a l P r e -p r o o f ４
J o u r n a l P r e -p r o o f ７ been changed with fresh one containing various pharmacological agents 30 min before the cultured slices were transferred to a hypoxic chamber (Forma Scientific, Marietta, OH, USA).
Cultured cerebellar slices were exposed to 2% O 2 , 93% N 2 , and 5% CO 2 . At the end of the hypoxic insult, the slices were harvested for morphological or biochemical analysis.
Pharmacological manipulations
The following pharmacological reagents were applied to the culture medium 30 min before exposure to hypoxic insult: tetrodotoxin (TTX; 20 µM, Enzo #3468-28-9), a voltage-gated sodium channel blocker; 2-amino-5-phosphonopentanoic acid (AP5; 200µM, Tocris #0105), a competitive NMDA glutamate receptor antagonist; 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX; 120 µM, Tocris #1044), an AMPA glutamate receptor antagonist; EGTA (5 mM, Sigma #E3889), a calcium chelator; nifedipine (100 µM, Sigma, #N7634), an L-type calcium channel inhibitor, KB-R7943 (10 µM, Tocris, #1244), a Na + -Ca 2+ exchanger inhibitor, MDL28170 (100 µM, Tocris, #1146), a calpain I and II inhibitor; Z-VAD-FMK (100 µM, BD Pharmingen, #550377), a pan-caspase inhibitor; pepstatin A (10 µM, Sigma J o u r n a l P r e -p r o o f ９ identified using the "threshold" function. Three different parameters were obtained: 1) number of constricted axon segments per 100-µm-long axon, 2) percentage of the length of constricted axon segments out of the total axon length, and 3) number of swollen axon segments per 0.1 mm 2 unit area. To analyze constricted axon segments, five to seven axons that could be traceable for longer than 100 µm without interruption were randomly chosen in each image. Constricted axon segments were defined as the ones with a diameter diminished by more than 75% of the adjacent segments. The lengths of the constricted segments within the same traced axon were added and the sum of the lengths of the constricted segments was divided by the total length of the entire traced axon to obtain the percentage of the length of constricted axon segments. The mean number or percentage was obtained by averaging the values from all the axons analyzed in each image, and the mean values from three images were averaged to obtain the mean value for each slice. Swollen axon segments were defined as those with a diameter larger than 2.5 µm. The number of swollen segments was counted in each image. The numbers from the three images per slice were added and normalized to the number per 0.1 mm 2 unit area. For quantitative analysis of OLs, images were obtained using an Olympus FV300 confocal microscope with a 20× J o u r n a l P r e -p r o o f １０ number per slice.
In order to acquire an image from live slices obtained from Pcp2-EGFP mice, the slice on the culture insert was transferred to a 35 mm confocal dish (SPL, #200350), with 1 ml of prewarmed medium added. Then, the slice in the confocal dish was moved to a Zeiss LSM710 confocal microscope and imaged under a 10× objective lens. After images were acquired, the slice on the culture insert was transferred back to the 6-well plate. After 2 days of culture with or without hypoxic insult, the slice was imaged again at the exact region of the first imaging using the same method.
Electron microscopy (EM)
Slices were immersed in 2.5% glutaraldehyde and 2% paraformaldehyde dissolved in 0.1 M cacodylate buffer (pH 7.4) at 4°C. After being washed in 0.1 M cacodylate buffer for 2 h, slices were post-fixed in 1% OsO4 for 1.5 h, followed by another washing with 0.1 M cacodylate buffer for 2 h. Then, slices were dehydrated in ethanol and propylene oxide and embedded in epon propylene mixture overnight, which was then polymerized at 60°C for 48 hours. Semi-thin sections (900 nm) were cut and stained with 1% toluidine blue. Ultrathin sections for EM were cut at 60 to 70 nm using a diamond knife and then placed on a 200-mesh grid. After being stained with uranyl acetate for 10 min and lead nitrate for another 5 min, sections were examined using a Sigma 500 electron microscope (Zeiss). To quantify mitochondrial morphology on EM J o u r n a l P r e -p r o o f １１ images, longitudinally oriented axons were imaged covering areas 19 µm wide and 19 µm long at 1000× magnification. Randomly, 19 to 22 myelinated axons longer than 10 µm were selected for each slice. The number of mitochondria per 10 µm of axon was counted manually, and the obtained values from all the selected axons from three slices each in either the normoxia or hypoxia group were averaged to generate the mean group values. The length of each mitochondrion was measured using ImageJ software and plotted for comparison of the cumulative length-frequency distribution.
Western blot
Fresh slices were homogenized in RIPA lysis buffer containing protease inhibitors (Complete mini, Roche). Two slices were pooled to extract protein lysate for one biological replicate. The tissue homogenate was centrifuged at 12,000 rpm for 20 min at 4˚C, and the protein concentration of the supernatant was measured using a Bradford assay. Equal amounts of proteins were resolved by SDS-PAGE and transferred to a PVDF (polyvinylidene difluoride) membrane. Membranes were blocked for 1 h in tris-buffered saline containing 5% skim milk, J o u r n a l P r e -p r o o f １２ Sigma) was used as a loading control.
Measurement of nicotinamide adenine dinucleotide (NAD) level
Oxidized and reduced forms of NAD, NAD+ and NADH, were measured using the colorimetric NAD+/NADH Quantification Kit (BioVision, #K337-100). According to the manufacturer's instructions, slices were homogenized in extraction buffer and centrifuged at 13,000 rpm for 5 min. Fifty microliters of supernatant was moved to a 96-well plate in duplicate to detect total NAD (NADH and NAD+). Subsequently, the samples were incubated with NAD Cycling Mix for 5 min and then NADH developer was added. The reaction products were measured at 450 nm with a spectrofluorometer. To detect NADH, supernatant was heated at 60°C for 30 min to decompose NAD+ before reaction reagents were added. The level of NAD+ was obtained by subtracting the NADH level from the total NAD value.
Statistical analysis
All the numerical values are depicted in graphs as mean values with individual data points. Oneway ANOVA followed by Tukey's post-hoc test was performed to compare mean values between three or more experimental groups. Unpaired Student's t-test was used to compare means values J o u r n a l P r e -p r o o f １４ 3. Results
Preservation of white matter in cultured cerebellar slices
Postnatal 12 (P12) mice were used to prepare cerebellar slices that contained myelinated white matter tracts. Myelination begins at P5 in the rodent brain, and many regions of the brain, including the cerebellum, are substantially myelinated by P10 (Downes and Mullins, 2014).
Cerebellar slices from P12 mice were maintained for 10 days allowing recovery from injuries related to slicing and maturation of the myelination process. At 10 days in vitro, the slices exhibited the cross-sectional architecture typical of the cerebellum on the sagittal plane exhibiting the granule cell layer, the molecular layer, and the white matter tracts (Fig. 1A) .
Double immunofluorescence labeling with NF-M and MBP antibodies revealed well-preserved myelinated white matter tract separated from the gray matter ( 
Axonal degeneration under hypoxic insult
To mimic ischemic white matter injury, cultured slices were exposed to hypoxia. In a preliminary experiment, exposure of the slices to an entirely anaerobic condition resulted in rapid dissolution of the slices with loss of the organotypic architecture within 24 h. In order to mimic milder and chronic ischemia, slices were exposed to 2% O 2 , and under this condition, it was possible to maintain survival of slices for more than 4 days. We initially focused on changes in the extent of myelination in the white matter, but there was no noticeable change in MBP immunoreactivity in the slices with hypoxic insult ( Supplementary Fig. 1A-C) . Notably, we observed frequent swellings and fragmentations in NF-positive axons ( Fig. 2A-C) , which are the hallmark of granular axonal degeneration (Wang et al., 2012) . Focal axonal constrictions began to develop as early as at 6 h, but became noticeable at the 24-h time point (Fig. 2B ). By 48 h, the appearance of most axons in the subcortical white matter was beaded due to frequent fragmentations and focal swellings ( Fig. 2C ). Quantification revealed that both the number and the percent length of constricted axon segments were significantly larger at 24 h and further increased at 48 h of hypoxia ( Fig. 2D-F ). In addition, the number of swollen segments, defined as having a diameter larger than 2.5 μm, started to rise already at 6 h and markedly increased more than 7-fold at the 48-h time point (Fig. 2G) . In contrast to the remarkable pathology in axons, the neuronal somas from which degenerated axons originated did not undergo significant changes. The density of Journal Pre-proof J o u r n a l P r e -p r o o f １６ Purkinje neurons was similar between the slices with or without hypoxic insult (Supplementary Fig. 2A ). To confirm that Purkinje neurons were spared from the hypoxia insult, cerebellar slices prepared from Pcp2-EGFP mice, in which GFP is expressed in Purkinje neurons, were imaged before and after hypoxic insult of the 48-h duration. Almost all the GFP-positive neurons remained intact under hypoxic insult ( Supplementary Fig. 2B ). These results indicated that chronic and mild hypoxic insult selectively led to axonal degeneration sparing neuronal cell bodies in our cerebellar slice preparations.
Prominent axonal degeneration without significant changes in MBP immunoreactivity
suggested that axons may be more vulnerable to hypoxic insult than myelin sheaths. Indeed, we found that MBP-positive myelin sheaths were still present in the fragmented axonal segments where there were no noticeable NF-immunoreactive axons (Fig. 3A ). Expression of another mature myelin marker PLP was also comparable between slices under normoxic and hypoxic conditions (Fig. 3B ). In addition, the number of mature OLs visualized by immunoreactivity to both APC-CC1 and Olig2 was not significantly changed by hypoxic insult (Fig. 3C, D) . These findings confirmed that cytoskeletal structures within axons were more sensitive to hypoxic insult than myelin sheaths and OLs that produce them. To examine ultrastructural changes in axons following hypoxic insult, semi-thin sections of cerebellar slices were stained with toluidine blue. Axons in the white matter tract were aligned linearly without noticeable variation in thickness under the control normoxic condition (Fig. 4A) .
Ultrastructural findings of axonal pathology
In contrast, frequent axonal constrictions with a variable degree of swellings at adjacent segments were observed under the hypoxic condition (Fig. 4B) . In EM images of axons under the normoxic condition, axoplasmic materials were found homogenous and arranged longitudinally along the direction of axons (Fig. 4C ). Axoplasm within swollen segments of axons with hypoxic injury showed no longer linear arrangement (Fig. 4D) . In severely swollen axons, axoplasmic materials became clumped, granular, and inhomogeneous and the adjacent segments were sometimes filled with ill-defined, heterogeneous, and electron-dense particles without evidence of typical axoplasmic contents ( Fig. 4E ), suggesting almost complete degradation of cytoskeletal components. No matter how severely axons were damaged, most axons under the hypoxic condition remained enwrapped by compact myelin (Fig. 4D, E) .
However, there were also signs of certain damages to myelin sheaths. For example, there were empty spaces within compact myelin sheaths indicating abnormalities in the lamination or detachment of myelin layers. We also found focal protrusions or indentations of compact myelin that were suggestive of damages to the surface of myelin sheath. In intact axons, axonal mitochondria were frequently of elongated appearance and positioned parallel to the longitudinal axis of axons (Fig. 4C, F) . Under the hypoxic condition, axonal mitochondria were positioned more or less randomly and appeared more contracted than those in intact axons (Fig. 4D, G) . The longitudinal length of mitochondria was measured and the cumulative frequency of the mitochondrial lengths was plotted (Fig. 4H) . The mitochondrial length distribution in the hypoxia group was shifted to the left compared to that in the normoxia group, indicating shortening of mitochondrial length under the hypoxic condition. The difference in the length distribution was statistically significant based on two-sample Kolmogorov-Smirnov test (p = 0.003). In contrast, the mean number of mitochondria per 10 μm of axon was not significantly different between the two conditions ( Fig. 4I ).
Another prominent finding was the frequent occurrence of electron-dense, round or oval organelles in hypoxic axons (Fig. 4J ). This morphology was highly suggestive of lysosomes activated to degrade damaged proteins or other organelles. To examine whether lysosomal activity was indeed elevated in hypoxic axons, LAMP1 immunostaining was performed.
J o u r n a l P r e -p r o o f ２１ effect on either axonal constrictions or swellings, excluding the possibility of autophagic mechanisms ( Fig. 5A-D) . Recent studies have shown that the molecular pathways regulating axotomy-induced Wallerian degeneration are commonly involved in the axonal degeneration observed in various neurological disorders (Wang et al., 2012) . Rapid decline of NAD+ triggered by activated SARM1 is a principal process for this type of axonal degeneration (Gerdts et al., 2015) . However, both the level of NAD+ and the ratio of NAD+/NADH did not significantly decrease by hypoxic insult in our model ( Supplementary Fig.5A ). Furthermore, treatment of FK866, which increases the levels of the SARM1 inhibitor nicotinamide (Gerdts et al., 2016;
Ziogas and Koliatsos, 2018), did not ameliorate axonal degeneration pathology ( Supplementary   Fig. 5B, C) .
The above findings suggest that the AMPA receptor, calpain proteolysis, and lysosomal protease pathways may all contribute to the axonal degeneration process induced by hypoxia. To gain more precise insight into the molecular mechanisms involved in the axonal degeneration process, we interrogated potential interactions among the above three pathways. Since calcium J o u r n a l P r e -p r o o f ２６ Considering that white matter ischemic injuries in humans are caused by prolonged and progressive steno-occlusion of small arteries (Kitamura et al., 2012; Pantoni, 2010) , it is highly likely that a low level of energy supply can be maintained until the time of irreversible destruction. Therefore, the notion of differential sensitivity to hypoxic or ischemic insult between axons and myelin structures would be relevant to human white matter stroke. 
